Aims: Nitric oxide (NO) production is implicated in muscle contraction, growth and atrophy, and in the onset of neuropathy. However, many aspects of the mechanism of action of NO are not yet clarified, mainly regarding its role in muscle wasting. Notably, whether NO production-associated neuromuscular atrophy depends on tyrosine nitration or S-nitrosothiols (SNOs) formation is still a matter of debate. Here, we aim at assessing this issue by characterizing the neuromuscular phenotype of S-nitrosoglutathione reductase-null (GSNOR-KO) mice that maintain the capability to produce NO, but are unable to reduce SNOs. Results: We demonstrate that, without any sign of protein nitration, young GSNOR-KO mice show neuromuscular atrophy due to loss of muscle mass, reduced fiber size, and neuropathic behavior. In particular, GSNOR-KO mice show a significant decrease in nerve axon number, with the myelin sheath appearing disorganized and reduced, leading to a dramatic development of a neuropathic phenotype. Mitochondria appear fragmented and depolarized in GSNOR-KO myofibers and myotubes, conditions that are reverted by N-acetylcysteine treatment. Nevertheless, although atrogene transcription is induced, and bulk autophagy activated, no removal of damaged mitochondria is observed. These events, alongside basal increase of apoptotic markers, contribute to persistence of a neuropathic and myopathic state. Innovation: Our study provides the first evidence that GSNOR deficiency, which affects exclusively SNOs reduction without altering nitrotyrosine levels, results in a clinically relevant neuromuscular phenotype. Conclusion: These findings provide novel insights into the involvement of GSNOR and S-nitrosylation in neuromuscular atrophy and neuropathic pain that are associated with pathological states; for example, diabetes and cancer. Antioxid. Redox Signal. 21, 570-587.
Introduction
N itric oxide (NO) production by neuronal NO synthase (nNOS) has been implicated in a plethora of physiopathological processes involving the neuromuscular apparatus. Due to NO being a pleiotropic molecule, it can elicit several signaling pathways required for correct muscle contraction (56) and hypertrophy induced by overloading (54) , or, paradoxically, for mediating atrophy (21, 56, 61) . Regarding this last issue, it is still a matter of debate as to how NO negatively affects neuromuscular function.
Besides the well-documented ability to bind heme iron (Fe-nitrosylation) (38) , NO can react with reactive oxygen species (ROS), generating more dangerous reactive nitrogen species (e.g., peroxynitrite, ONOO -), that can affect protein structure and function (21) . Tyrosine nitration is one of the main modifications occurring under conditions of NO overproduction, and it mostly depends on the ability of ONOO -to catalyze the addition of a nitro group (NO 2 ) to the aromatic ring in tyrosine residues (7, 26) . The accumulation of protein nitrotyrosines is commonly used as a pathological marker of proteins subjected to excessive nitroxidative stress (6, 55) and has been detected in peripheral neuropathies, leading to muscle atrophy, such as those related to inflammatory states (32) , diabetes (48) , or amyotrophic lateral sclerosis (5, 45) . Moreover, aging-related sarcopenia and cachexia, as well as genetic-based dystrophies have been reported to be associated with increased in nitrotyrosines levels (2, 18, 41) . In rat models of disuse-or denervation-induced atrophy, it has been demonstrated that nNOS detaches from the dystrophin glycoprotein complex associated to the sarcolemmal membrane and redistributes to the cytosol, where it produces NO and activates Forkhead box O (FoxO) transcription factors (61) . Although the precise mechanism of NO-mediated FoxO activation is yet to be unraveled, it has been proposed that it could depend on nitration of the inhibitor of NF-jB kinase b (IKKb) (61) . More recently, it has also been demonstrated that nNOS dislocation causes force reduction typical of dystrophin-null (mdx) mouse models by means of still not elucidated mechanisms putatively involving tyrosine nitration and also S-nitrosylation (34) .
S-nitrosylation consists of the covalent, but reversible, addition of an NO moiety to reactive sulfhydryl residues of low-(peptides and aminoacids) and high-molecular-weight molecules (proteins) to generate S-nitrosothiol derivatives (SNOs) (15) . The S-nitrosothiol steady-state level depends on the fine equilibrium between NO production and SNOs reduction. The latter reaction is catalyzed by denitrosylating enzymes, the most important of which is the NADH-dependent S-nitrosoglutathione (GSNO) reductase (GSNOR) (9, 21) . GSNOR is an evolutionarily conserved and widely expressed enzyme that, by reducing the low-molecular-weight nitrosothiol GSNO, indirectly decreases the concentration of protein SNOs (PSNOs) (35) . As previously mentioned, S-nitrosylation has been proposed to be involved in muscle alterations typical of neuromuscular disorders (13, 59) . In particular, S-nitrosylation of protein kinase B (66) and Ryanodine receptor 1 (RyR1) (3, 8, 57) has been observed in aging-related cachexia, during sustained exercise, and in muscle dystrophy. Moreover, NO imbalance and increase in PSNO levels have also been suggested to occur in atrophy-related pathologies, such as cancer and diabetes (28, 61) . These alterations, which are frequently associated with mitochondrial fragmentation and dysfunction (52) , cause fatigue and myalgia typical of skeletal muscle atrophic states. Interestingly, it has been demonstrated that N-acetylcysteine (NAC), a well-known denitrosylating agent, reduces neuropathic pain and ameliorates muscle performance (10, 21, 51) , which suggests that S-nitrosylation could be deeply implicated in signal transduction underlying neuromuscular homeostasis. Consistent with this, it has been demonstrated that pharmacological inhibition (61) or genetic ablation of nNOS, but not of the inducible form inducible NOS (iNOS) (33, 34) , reverts pathological phenotypes. However, these approaches have not enabled discrimination of whether the principal mediator of neuropathy and myopathy induced by NO overproduction was tyrosine nitration or cysteine S-nitrosylation.
In this study, by means of a GSNOR-null (GSNOR-KO) mouse model, we have characterized the overall impact of GSNOR deficiency and the resulting S-nitrosylation in neuromuscular homeostasis, providing evidence that S-nitosylation could represent a common molecular signature of neuropathic and myopathic states.
Results

GSNOR-KO mice show typical features of myopathy
In order to assess whether excessive S-nitrosylation could affect muscular function, we performed S-nitrosoproteome quantitation by the biotin-switch technique in agreement with Forrester et al. (20) that uses ascorbate supplementation in the reduction step without any addition of metals to avoid side effects (e.g., oxygen free radical production) likely affecting sample preparation. It should be mentioned, however, that other publications indicate that this modification is required to enable complete accomplishment of nitrosothiol reduction (63) . We verified the reliability of the technique by incubating tibialis anterior lysates with or without 2 mM of the NO donor DETA NONOate (Supplementary Fig. S1 ; Supplementary Data are available online at www .liebertpub.com/ars) and next analyzed skeletal muscle tissue from 2-month-old GSNOR-KO and wild-type mice. Figure 1A shows that GSNOR-KO mice had a significant increase in PSNOs levels with regard to their age-matched wild-type counterparts. No change was detected in the expression level of nNOS, iNOS, and endothelial NOS (eNOS) (Fig. 1B) . Moreover, no dissociation of nNOS from sarcolemma was detected in GSNOR-KO muscles (Fig. 1C) , which is in contrast to distrophin-null (mdx) mice, selected as they represent a well-documented experimental model of Duchenne muscular dystrophy. In addition, no significant difference was observed in the distribution of iNOS and eNOS between wild-type and GSNOR-KO mice ( Supplementary Fig. S2A , B). Finally, no change was detected in the expression levels of thioredoxin 1 (Trx1) ( Supplementary Fig. S2C, D) , the other major denitrosylating protein besides GSNOR, indicating that the observed PSNOs increase was essentially due to GSNOR deficiency. We then analyzed skeletal muscle morphology and structure using tibialis anterior and gastrocnemius as elective muscles. Hematoxylin and eosin staining highlighted the presence of a few centro-nucleated myofibers in GSNOR-KO mice and an apparent reduction of
Innovation
The detrimental role of NO overproduction in neuromuscular function is well documented; however, due to the nature of the experimental system used, it is still a matter of debate whether this mainly depends on nitroxidative damage or S-nitrosylation. Here, we provide the first in vivo evidence that the genetic ablation of GSNOR, which affects exclusively nitrosothiol reduction without altering nitrotyrosine levels, results in a clinically relevant neuromuscular phenotype resembling neuropathic painassociated muscle atrophy. Our results indicate that Snitrosoglutathione reductase (GSNOR) and nitrosative stress could represent elective targets for denitrosylating agent-based therapies. myofiber size (Fig. 1D arrowheads and myofibrers surrounded by dotted lines, respectively). This observation was confirmed by in-depth analyses revealing a general decrease in skeletal muscle mass (Fig. 1E, F ) that correlated with an overall decrease in body weight (Fig. 1G ) and was accompanied by a reduced myofiber cross-sectional area (CSA) ( Fig. 2A, B) . Since this feature also seemed evident in slow myosin heavy chain (MyHC)-containing type 1 myofibers, we performed parallel analyses in the soleus, which contains a high number of these fibers. Figure 2C and D show that CSA of GSNOR-KO soleus was similarly reduced (Fig. 2E) , indicating that excessive S-nitrosylation due to GSNOR deficiency was associated with a general myopathic state.
We then wondered whether these histological features could result in an overall alteration of muscle function. Results obtained by grip tests, shown in Figure 2F , clearly indicate that the muscle strength of GSNOR KO mice was significantly decreased with regard to the wild-type counterpart, both when measured in terms of absolute time that each animal could stay on the grid and when evaluated as the percentage of animals accomplishing the cut-off time (300 s). To confirm these results, we also performed tail suspension tests. When suspended by their tails, wild-type mice tried to maintain their trunk in an extended position and lift it up by spreading out their limbs (37) . Conversely, GSNOR-KO mice desisted quite rapidly and retracted their limbs to an adducted position, which has been reported as a behavioral sign of muscle weakness (37) . Histograms shown in Figure  2G quantify these observations as the average time passed to the first episode of leg retraction.
GSNOR-KO mice show signs of muscle wasting
On the basis of the obtained results, we performed a realtime PCR analysis of the expression of atrophy-related genes (the so-called ''atrogenes'') in gastrocnemius mRNAs from FIG. 1. S-nitrosylation extent and skeletal muscle mass in GSNOR-KO mice. (A) Evaluation of protein S-nitrosothiols (PSNOs) amount in total homogenates of tibialis anterior of 2-month-old GSNOR-KO (KO) and wild-type (WT) mice, subjected to biotin-switch assay and revealed by incubation with horseradish peroxidase (HRP)-conjugated streptavidin. Lactate dehydrogenase (LDH) was selected as a loading control from a set of elective ''housekeeping'' proteins on the basis of the coherence between immune-reactive band signal and nitrocellulose Ponceau-Red staining. (B) Western blot analyses of neuronal nitric oxide synthase (nNOS), inducible NOS (iNOS), and endothelial NOS (eNOS) performed in tibialis anterior homogenates. LDH was selected as a loading control. (C) Representative fluorescence microscopy images of tibialis anterior sections from KO, WT, and dystrophin-null (mdx) mice on staining with anti-nNOS (green), and DAPI (blue) to highlight nuclei. Scale bar, 40 lm. (D) Representative H&E stained sections of gastrocnemius of KO and wild-type WT mice. Centro-nucleated myofibers areas including small-sized fibers are indicated (arrowheads and white dotted lines, respectively). Scale bar, 100 lm. (E) Representative picture displaying paws detail of KO and WT mice. Dotted areas, muscle volume of WT legs. (F) Weight measures of tibialis anterior and gastrocnemius on tendon-to-tendon isolation from KO and WT mice. Results shown are the means -SEM of n = 6 animals for each group, and the indicated p-value was calculated with regard to WT. (G) Overall body weight of KO and WT mice. Results shown are the means -SEM of n = 6 animals for each group, and the indicated p-value was calculated with regard to WT. To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars GSNOR-KO mdx mice. Atrogin1 and MuRF1, which are known to be involved in muscle atrophy, were induced in GSNOR-KO conditions. In particular, Atrogin1 mRNA levels were already increased in young individuals, similar to mdx mice (Fig. 3A) ; whereas MuRF1 up-regulation was evident only in the adult mice (Fig. 3B) .
In order to evaluate whether the age-dependent increase of atrogenes was related to an increased NOS expression, we performed Western blot analyses of all NOS isoforms in 2-and 12-month-old mice, and compared them with mdx samples. Figure 3C shows that nNOS slightly decreased in 12-month-old GSNOR-KO mice, while eNOS protein levels remained constant till adulthood and did not change significantly between wild-type and GSNOR-KO strains. The level of iNOS was also not altered between the two genotypes but underwent a general age-dependent decrease, indicating that Results shown are the means -SEM of n = 15 animals divided into three different groups and monitored thrice. ***p < 0.001 calculated with regard to WT. To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars the observed difference in atrogene expressions did not result from an increment in any of the NOS enzymes. Conversely, in line with the recent literature, mdx muscles of 2-month-old mice showed a significant increase of iNOS (2), a slight decrease of total nNOS, and no change of eNOS (50) when compared with wild-type muscles. Furthermore, young mdx mice exhibited lower levels of GSNOR mRNA (Fig. 3D ) and, along with a-Sarcoglycan null (a-SG -/ -) mice, selected as a further experimental model of muscular dystrophy, showed a significant rise in PSNO levels. This recapitulated GSNOR-KO conditions (Fig. 3E) , and indicated that S-nitrosylation may represent a common signature of muscle wasting.
GSNOR-KO mice exhibit changes in mitochondrial morphology and autophagy defects
To gain further insights into skeletal muscle tissue alterations induced by S-nitrosylation, we performed ultrastructural analyses of gastrocnemius by electron microscopy. Figure 4A shows that, with regard to wild-type muscles, the majority of GSNOR-KO myofibers displayed structural alterations of mitochondria, which appeared swollen and were characterized by abnormal cristae morphology (panels b and d vs. a and c). Marked alterations in mitochondria inner structure were also evident. Nevertheless, sarcomeres, sarcolemma, and basal lamina appeared normal. The ultrastructural mitochondrial alterations were much more pronounced after physical exercise, with subsarcolemmal mitochondria of GSNOR-KO muscles completely losing their cristae organization (panels f and h vs. e and g). However, despite a marked accumulation of such disorganized organelles at the sub-sarcolemmal membrane, GSNOR-KO muscles seemed to show a few mitochondria embedded in double-membraned vacuoles (presumably autophagosomes, arrowheads in panel h). In contrast, the majority of damaged mitochondria present in wild-type muscles were engulfed in autophagosomes, confirming previous data indicating that physical exercise induces autophagy (23, 25) . To validate this observation, we performed immunofluorescence analyses of
FIG. 3. Atrophy-related gene expression in mouse models of GSNOR deficiency and muscular dystrophies.
Quantitative real-time PCR analyses of Atrogin1 (A), MuRF1 (B) in gastrocnemius of GSNOR-KO (KO) and wild-type (WT) mice at 2 months (2 mo) and 12 months (12 mo) of age. Results shown are the means -SEM of n = 12 animals for each group. *p < 0.05; **p < 0.01; and ***p < 0.001 calculated with regard to WT. (C) Western blot analyses of nNOS, iNOS, and eNOS performed in tibialis anterior homogenates of mdx, KO, and WT mice at 2 and 12 months of age. LDH was selected as a loading control. (D) Quantitative real-time PCR analyses of GSNOR in gastrocnemius of 2-month-old mdx, KO, and WT mice. Results shown are the means -SEM of n = 4 animals for each group. p-value is calculated with regard to WT (E) Evaluation of protein S-nitrosothiols (PSNOs) amount in total homogenates of tibialis anterior of 2-month-old KO, mdx, a-Sarcoglycan null (a-SG -/ -), and WT mice, subjected to biotin-switch assay, and revealed by incubation with HRP-conjugated streptavidin. LDH was selected as a loading control. Densitometry of each lane intensity is relativized to LDH and expressed as arbitrary units. Densitometry of immune-reactive bands: Values shown are the means -SD of n = 3 different experiments. **p < 0.01; ***p < 0.001 calculated with regard to WT. satellite cell-derived myotubes. These results indicated that the mitochondrial network of GSNOR-KO myotubes are fragmented and have lost the typical organization of wild-type cells (Fig. 4B) . Such a scenario resembles that previously characterized in collagen VI deficient (Col6a1 -/ -) mice, in which an autophagy defect was demonstrated to be the main event underlying the accumulation of abnormal mitochondria (22) . In support of autophagy defects in GSNOR-KO muscles, we also observed that the level of p62/sequestosome 1 (p62/SQSTM1 or, simply, p62), which usually undergoes degradation on autophagy induction, was increased (Fig. 4C ). However, in contrast with the hypothesis of reduced autophagy, we detected increased levels of autophagy-related gene 7 (Atg7), the master regulator of basal autophagy (46) (Fig. 4C ), increased expression of the pro-autophagic microtubule-associated protein 1 light chain 3 (LC3) (Fig. 4D) , and the appearance of its lipidated (active) form in the GSNOR-KO background (Fig. 4C) . Moreover, when evaluating green fluorescent protein (GFP)-LC3 expressing myotubes from GSNOR-KO mice using fluorescence microscopy, we observed that p62 and LC3 were restricted to discrete spots and up-regulated with regard to the wild-type counterparts (Fig. 5A ). In the search for determinants underlying the accumulation of fragmented mitochondria, we measured the ratio between fission and fusion events, by evaluating the expression levels of dynamin related protein 1 (Drp1) and optic atrophy protein 1 (Opa1). As expected, Drp1 was significantly increased; whereas Opa1 was decreased in GSNOR-KO muscles (Fig. 5B) , indicating that massive S-nitrosylation severely affected mitochondrial dynamics, although it did not seem to result in the induction of selective mitochondrial removal (mitophagy).
It has been demonstrated that mitochondrial fragmentation is the consequence of a decrease in the transmembrane potential (42) , and that S-nitrosylation induces mitochondrial depolarization by compromising the efficiency of respiratory complexes and inducing metabolic hypoxia (15) . Therefore, we analyzed Dw m of GSNOR-KO myotubes by fluorescence microscopy on staining with the Dw m -sensitive dye JC-1. The obtained results showed that GSNOR-KO myotubes were depolarized compared with the wild-type genotype, and that treatment with the powerful denitrosylating compound NAC (5 mM for 4 h) completely reverted the phenomenon (Fig. 5C) . Coherently, NAC treatment restored mitochondrial area and the number of p62 + spots, (Fig. 5D and Supplementary Fig. S3 ), suggesting that mitochondrial alterations observed on GSNOR deficiency were dependent on S-nitrosylation.
Skeletal muscles of GSNOR-KO mice show a mild Nrf2 induction and no sign of tyrosine nitration
Based on the observed increase in PSNOs and alterations in mitochondrial Dw and morphology, we decided to evaluate whether GSNOR deficiency results in a nitroxidative unbalance, as this has frequently been associated with muscle atrophy (4, 32, 45, 48) . Analyses of nitrotyrosine accumulation in sections of tibialis anterior (Fig. 6A, B) and a histological examination of lipofuscin (Fig. 6C) , which is known to increase on protein nitration (1), indicated that no nitrative stress was present under GSNOR-KO conditions. In fact, nitrotyrosine levels were decreased with regard to the wildtype counterparts. Moreover, we observed a modulation of the cellular antioxidant defense in GSNOR-KO muscles with catalase being the sole antioxidant enzymes induced (Fig.  6D ). This is in line with previous results indicating that an increased catalase level is one of the principal markers of muscle wasting induced by denervation and starvation (58) . Accordingly, protein carbonyl content only faintly increased (Fig. 6E) .
Since these data seemed in conflict with the evident alterations of the mitochondrial network, we asked whether an antioxidant response was constitutively induced in GSNOR-KO systems. Thus, we evaluated whether there was any involvement of Nrf2 and, based on the results so far obtained, we focused on its noncanonical activation induced by the p62-mediated recruitment of Kelch-like ECH-associated protein 1 (Keap1) (31) . Western blot analyses of GSNOR-KO and wildtype muscle lysates indicated that, although Nrf2 total levels remained similar, their subcellular amount differed, with the GSNOR-KO muscles showing a mild nuclear accumulation not seen in the wild-type counterparts (Fig. 6F) . Similar results were also obtained by immunofluorescence analyses performed Representative fluorescence microscopy images of myotubes derived from KO and WT mice incubated or not with 5 mM NAC for 2 h on staining with antibodies anti-p62 (red) and anti-Grp75 to visualize mitochondria (green), and DAPI for nuclei (blue). Scale bar, 10 lm. To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars in myotubes of both genotypes ( Supplementary Fig. S4A ). Moreover, in agreement with our hypothesis, we also observed an increase in the interaction between Keap1 and p62 in tibialis anterior of GSNOR-KO mice compared with the wild-type counterparts (Fig. 6G ). In line with recent reports (30), we also observed a slight increase in the mRNA level of the Nrf2 downstream gene NAD(P):quinone oxidoreductase 1 (Nqo1) (Fig. 6H) . In support of these data, we also measured mitochondrial superoxide production by flow cytometry in mouse embryonic fibroblasts (MEFs) and observed a decrease in the GSNOR-KO genotype compared with the wild-type counterpart ( Supplementary Fig. S4B ). Since GSNOR deficiency led to an aberrant mitochondrial phenotype, we wondered whether AMP-dependent protein kinase (AMPK), a well-documented ''energy state-sensing'' protein kinase, could be modulated. Figure 7A shows that AMPK was significantly phosphorylated in GSNOR-KO tibialis anterior. This phenomenon correlated with an increase in the total amount of FoxO3 and its nuclear translocation (Fig.  7A, B) . These results were in line with Atrogin1 and MuRF1 induction (Fig. 3A, B) and were further substantiated by an increase of BCL2/adenovirus E1B 19 kDa-interacting protein 3 (Bnip3), a FoxO3-responsive gene promoting mitophagy, detected in GSNOR-KO muscles (Fig. 7C, protein and 7D , mRNA). We finally evaluated whether GSNOR deficiency-induced mitochondrial fragmentation could result in the induction of apoptosis and, in turn, contribute to muscle wasting. To this aim, we analyzed cytochrome c distribution, and found that, in this background, it was released from mitochondria into the cytosol (Fig. 7E) . Moreover, TUNEL assay indicated that GSNOR-KO tibialis anterior showed a significant increase in apoptotic nuclei (Fig. 7F, G) . These results, along with the evidence that polyADP-ribose polymerase 1 (PARP1) cleavage occurred in GSNOR-KO myotubes (Fig. 7H) , suggested that GSNOR-KO muscular models were primed to undergo apoptosis.
GSNOR-KO mice show clear signs of neuropathy and delay of muscle regeneration
Denervation or peripheral nerve injuries, such as those associated with a partial loss of fibers or myelin in the nerve, can strongly contribute to muscle wasting (29) . Therefore, to assess whether GSNOR deficiency could indirectly induce muscle atrophy also by affecting the nerve healthy state, we performed histological analyses of sciatic nerve from both GSNOR-KO and wild-type mice. Changes in the architecture of the nerves were clearly evident, as we observed significant axonal damage, as well as a reduction of the myelin sheath, that varied in thickness (Fig. 8A panel  b and d vs. a and c) . A high number of clustered small myelinated fibers was also evident as a marker predictable of massive regeneration (Fig. 8A panel d, arrowheads) . Since these features supported the hypothesis that GSNOR deficiency was associated with neuropathy, we evaluated the response to nociceptive stimuli. Measurement of neuropathic pain in terms of both mechano-allodynia (Fig. 8B ) and thermal hyperalgesia (Fig. 8C) revealed that 2-monthold GSNOR-KO mice dramatically developed peripheral neuropathic pain when compared with age-matched wildtype mice.
On the basis of these results indicating that peripheral nerves were severely compromised in the GSNOR-KO background, we evaluated the capability of GSNOR-KO muscles to regenerate. Indeed, it is well known that muscle fibers which fail to become re-innervated, or that are unable Results shown are the means -SEM of n = 10 animals for each group, and the indicated p-value was calculated with regard to WT. To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars to respond to re-innervation, undergo progressive atrophy (49) . We injected cardiotoxin (CTX) into tibialis anterior of GSNOR-KO and wild-type mice to evoke acute muscle damage and then assessed the ability of muscles to regenerate. Histological analyses of tibialis anterior from GSNOR-KO and wild-type mice at 3 days after CTX injection revealed acute muscle damage that resulted in degeneration of myofibers accompanied by massive inflammatory infiltration in both phenotypes (Fig. 9, panels a and b) . Eight days after CTX treatment, wild-type mice showed an almost complete regeneration process, with muscles still presenting several centro-nucleated muscle fibers (arrows in Fig. 9 , panel e) of comparable size to undamaged fibers (Fig. 9, panels c and e) . Conversely, GSNOR-KO mice displayed very small regenerating centro-nucleated myofibers (Fig. 9 , arrowheads in panel f) that were still surrounded by abundant extracellular matrix and a few inflammatory cells (Fig. 9, panels d and f) , revealing a marked delay of the muscle regeneration process in the GSNOR-KO mice.
Discussion
The role of nNOS dislocation from the sarcolemma and the subsequent cytosolic production of NO have been associated with neuromuscular dysfunctions (61, 65) . Moreover, NO has been proposed to play an active role in the loss of muscle fibers and in the development of peripheral neuropathy associated with different pathological states (27, 32) , such as aging-related sarcopenia (24) , diabetes (43, 48) , cancer and chemotherapy, and neurological disorders (45, 62) . In particular, NO has been implicated in the activation of FoxO3a-dependent degradation of muscle proteins (61) , and in the hyperactivation of RyR1, which leads to Ca 2 + leakage (57, 60), mitochondrial fragmentation (42) and, ultimately, results in muscle atrophy. Interestingly, NO overproduction has also very recently been documented to be associated with transduction pathways underlying neuropathic pain perception resulting from muscle wasting (12) . Nevertheless, despite the large number of observations regarding the deleterious role of Scale bar: 400 lm (a-d) and 100 lm (e, f). To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub .com/ars NO in neuromuscular disorders, it is still unclear whether nitroxidative damage is the principal causative event of the pathological phenotype, or whether this depends on the activation of cysteine S-nitrosylation-based signals. Moreover, no evidence about the possible impact of denitrosylation reactions (e.g., those mediated by GSNOR) on neuromuscular disorders has been provided so far. In this work, we focused on these aspects and demonstrated that GSNOR deficiency induces a significant increase of PSNOs in skeletal muscle tissue and results in a clinically relevant neuromuscular phenotype with evident signs of myopathy and neuropathy. A proteomic analysis of the muscle proteome should be done in the future in order to gain a detailed understanding of which proteins undergo S-nitrosylation, and how this modification can impact their function/expression.
GSNOR-KO mice suffer from sarcopenia and muscle wasting without any apparent involvement of tyrosine nitration-associated damage. Our results indicate that bulk autophagy induction, atrogene expression, and apoptosis are active processes associated with muscle loss, even though GSNOR-KO conditions are not as pathologically evident as observed in well-recognized mouse models of muscle dystrophies, namely mdx and a-SG -/ -mice. The muscular phenotype observed in GSNOR mutant mice argues for S-nitrosylation being associated with an early aging process, and, therefore, this phenotype may better resemble an agingrelated sarcopenia or cachexia, rather than atrophy. This hypothesis is strengthened by the observed delay in muscle regeneration and by the evidence that GSNOR deficiency affects nerve myelination and axon integrity, and dramatically results in neuropathic pain: conditions which are associated with muscle wasting in elderly people. Interestingly, it has been reported that GSNOR KO mice show an increase in the incidence of hepatocellular carcinoma (HCC), which can be diagnosed at 18 months of age (64) . Although myopathic and neuropathic states can be comprised within the canonical clinical picture of cancer, it should be taken into consideration that our study has mostly been performed in 2 monthold mice, an age at which no animals shows any symptoms, or has been reported to develop HCC. Therefore, it can be assumed that the neuromuscular phenotype is an early pathological condition compared with cancer onset and, most likely, not related to the propensity to develop HCC due to GSNOR deficiency.
It has recently been shown that peroxynitrite resulting from NO overproduction and NADPH oxidase activation is implicated in central sensitization which is responsible for mechanoallodynia and thermal hyperalgesia. Although the precise mechanisms are not yet fully understood, putative nitration of Sod2, glutamine sinthetase, and l-glutamate transporter 1, involved in the pathways of free radical production and glutamate turnover, respectively (17) , were suggested to be the causative events underlying pain development. In this work, we propose that protein S-nitrosylation is also critical in the pain pathway and could represent an additional (reversible) post-translational modification implicated in the central sensitization leading to pain sensibility. We cannot establish whether myopathy derives from neuropathic states or vice versa, or whether both contribute to the pathological phenotype. Work is in progress in our laboratory to understand this issue and its marked impact on muscle physiology. With regard to this aspect, grip strength and tail suspension tests performed provide the first evidence that young GSNOR-KO mice show clear signs of muscle weakness, further supporting the idea that S-nitrosylation could be implicated in both neuropathic pain and muscle dysfunction. This feature also correlates with the evident mitochondrial alterations observed in GSNOR-deficient systems. It is now accepted that Snitrosylation affects mitochondrial respiratory complexes (15, 47) and that this induces metabolic hypoxia, resulting in ATP decrease and mitochondrial depolarization (40), a preparatory condition for mitochondrial fragmentation (11) . Accordingly, we observed a significant decrease of mitocondrial Dw along with an increase of the phospho-active form of AMPK, which resulted in an aberrant accumulation of fragmented mitochondria, both in vivo and in vitro, suggesting that mitochondria are impaired, although not properly and selectively removed by mitophagy in GSNOR mutant conditions. Nevertheless, in contrast to other types of well-documented atrophic states in which bulk autophagy is inhibited [e.g., Col6a1 mutationdependent Bethlem and Ullrich muscular dystrophies (22)], our data argue that this process is activated in the GSNOR-KO mice. This apparent paradox, which is already under investigation in our laboratory, is reinforced by the observation that Bnip3, a FoxO3 target gene involved in mitochondrial removal by autophagy, is induced in GSNOR-KO conditions, confirming that FoxO3-dependent transcription is activated in our system.
Although apparently conflicting with a recent study reporting that NO inhibits the early steps of bulk autophagy (53), our results should be considered a complement to that, as they are obtained using different experimental conditions. Indeed, Sarkar et al. make use of NO donors or take advantage of NOS upregulation to induce nitrosative stress. Moreover, they point out that the increase in Bcl2/Beclin1 interaction, which should contribute to autophagy inhibition, is completely unrelated to Bcl2 S-nitrosylation (53). Differently, in our study we have selected a genetic model of S-nitrosylation, without affecting NO fluxes. In fact, we have demonstrated that no modulation of the expression and distribution of NOS isoforms occurs in GSNORdeficient mice. By considering all this evidence, we propose that NO imbalance generally affects autophagy. In particular, its overproduction inhibits bulk autophagy through various processes, including S-nitrosylation; whereas modulating Snitrosylation only seems to selectively compromise mitophagy.
The pivotal role of S-nitrosylation in mitochondrial fragmentation and depolarization has been confirmed by NAC treatment that rescues both mitochondrial network and Dw m . Although NAC can also function as an ROS-scavenging compound, contributing to de novo synthesis of glutathione, the evidence that GSNOR-KO systems show a decrease in mitochondrial superoxide production enables us to speculate that NAC, in fact, acts as a denitrosylating more than an antioxidant molecule. The hypothesis that ROS do not play any detrimental role in GSNOR-KO models is also corroborated by the constitutively basal induction of the antioxidant response-inducing factor Nrf2. In particular, we found out that in GSNOR KO muscular models, p62 interacts with Keap1, and Nrf2 accumulates into the nuclei even in basal conditions. This event (i) induces a mild transcription of Nqo1, which contributes toward decreasing the production of mitochondrial superoxide; (ii) provides a rationale for nitrotyrosine decrease, arising from the encountering between NO and superoxide; (iii) justifies the high levels of p62 as a non-canonical activator of Nrf2 (30, 31) ; and (iv) represents one likely mechanism for adaptation to conditions of nitrosative stress. Moreover, this finding is perfectly in line with a very recent publication in which it has been observed that GSNOR-KO livers show a basal increase of nuclear Nrf2, which becomes much more pronounced on exogenous insults (namely, paracetamol intoxication) (14) .
Materials and Methods
Animals and treatments
All mouse experiments were conducted in accordance with the European Community guidelines and with the approval of relevant National (Ministry of Health) and local (Institutional Animal Care and Use, Tor Vergata University) ethical committees. The GSNOR KO mouse strain, generated on a C57BL/6 genetic background, was originally provided by Professor Jonathan S. Stamler (Institute for Transformative Molecular Medicine, Case Western, Cleveland) (36) , while the C57BL/6 wild-type mice strain was purchased from Charles River. Dystrophin mutated mdx and a-sarcoglycan null (a-SG -/ -) mice were from Jackson Laboratories. To generate GSNOR-KO GFP-LC3 heterozygous mice, we crossed GSNOR-KO C57BL/6 mice with GFP-LC3 homozygous transgenic mice (Ref. 39 , kindly provided by Prof. Mizushima, Department of Physiology and Cell Biology, Tokyo Medical and Dental University, Tokyo, Japan to Francesco Cecconi). F1 mice were backcrossed with each other, and the resulting F2 population was genotyped in order to select GSNOR-KO mice that were homozygous for GFP-LC3. These mice were then crossed with mice of the GSNOR-KO genotype to obtain strains that were heterozygous for GFP-LC3. This model enables a correct evaluation of differences in the rate of autophagy. Mice were housed in an environmentally controlled room (23°C, 12 h light-dark cycle) and provided with food and water ad libitum.
Muscle injury/regeneration. Muscle injury was conducted in 2-month-old mice, by injecting 30 ll of 10 lM cardiotoxin (Latoxan) in tibialis anterior. Muscles were then harvested at different time points after injury, with uninjected contralateral tibialis anterior muscles as a control.
Exercise. Treadmill exercise was carried out by subjecting mice to forced run in a treadmill device. Briefly, mice were first left to adapt to the treadmill for 5 min at a speed of 5 cm/s. Then, exercise was performed by starting at a speed of 10 cm/s that was increased with 2 cm/s every 2 min until a maximum of 40 cm/s. Mice were left running until exhaustion. The experiment was repeated for 5 days. Mice were sacrificed by cervical dislocation, and muscles were dissected.
Behavioral testings
Mechano-allodynia. Mechanical withdrawal thresholds were taken using calibrated von Frey filaments (Stoelting Co.) ranging from 3.61 (0.407 g) to 5.46 (26 g ) bending force, according to the ''up-and-down'' method (16) . Mice were examined on 15 min of adaptation; after that, the development of mechano-allodynia was measured as the reduction in mechanical mean absolute paw withdrawal thresholds (g) at forces which failed to elicit withdrawal responses (baseline).
Thermal hyperalgesia. Hyperalgesic responses were determined by the Hargreaves method using a Basile plantar test (Ugo Basile) that was set up on 30 IR with a cutoff latency of 20 s employed to prevent tissue damage. Mice were individually confined to Plexiglas chambers and allowed to adapt for 15 min before behavioral testing. A mobile infrared generator was positioned to deliver a thermal stimulus directly to an individual hind paw from beneath the chamber. The withdrawal latency period was determined with an electronic clock circuit and thermocouple. Two readings were acquired for each paw to determine a mean latency for each animal. Thermal hyperalgesia is expressed as the mean latency for each group and expressed as paw withdrawal latency (sec).
Grip test. Grip strength was evaluated by placing the animals onto a horizontal grid, and measuring the time until they fell down; the cut off time was 300 s. If the mice gripped the grid by both hind and fore legs within the cut-off time of 300 s and kept the grip for a further 10 s, they were recorded as being a ''success.'' Three different groups were analyzed with each group containing approximately 13 mice, all of which were analyzed twice on 2 different days, each time in three repetitions with 30-min intervals.
Tail suspension. Each animal was suspended in mid-air by the tail for a period of 12 s, and the time passed to the first episode of leg retraction was recorded; this procedure was repeated thrice, and the average time passed to the first episode of retraction for each mouse was calculated.
Transmission electron microscopy
Gastrocnemius muscles were fixed with 2.5% glutaraldehyde (Sigma) in phosphate buffer 0.1 M (pH 7.4) and embedded in Epon E812 resin (Sigma). Ultrathin sections were stained with uranyl acetate (Sigma) and lead citrate (Sigma), and they were observed in a Tecnai-G2 F12 (FEI) electron microscope.
Histology and tissue immunofluorescence
On cervical dislocation, tibialis anterior, gastrocnemius or soleus muscles, and sciatic nerve were dissected and fixed in 4% paraformaldehyde/PBS (pH 7.4) for 5 h at 4°C; infiltrated sequentially with 10%, 20%, and 30% sucrose (Sigma); embedded in O.C.T. compound (Bio-Optica); and flash frozen in liquid nitrogen-cooled isopentane (VWR Interantional). Sections were cut to a thickness of 8 lm using a Leika cryostat and used for immunostaining or histological staining.
Histology. Serial muscle sections were obtained and stained in H&E and Masson's Trichrome following standard procedures. Lipofuscin staining was performed by the Schmrol ferric-ferricyanide reduction test as previously described (1).
Immunofluorescence. Cryosections of tibialis anterior or soleus were fixed in 4% paraformaldehyde in PBS for 10 min at 4°C and washed in PBS. After permeabilization with 0.2% Triton X-100 (Sigma) and 1% BSA (Sigma) in PBS for 30 min, the samples were blocked in 10% horse serum (Sigma) in PBS at room temperature and then incubated for 1 h with primary antibodies. The following primary antibodies were 582 MONTAGNA ET AL.
used: anti-laminin (Sigma; 1:500); anti-slow MyHC (Sigma; 1:1000); anti-nitrotyrosine (Life-Technologies; 1:100); and anti-nNOS, iNOS, and eNOS (Santa Cruz; 1:100). Cryosections were then washed in blocking buffer and incubated for 1 h with labeled secondary antibodies (Life-Technologies). Apoptotic nuclei were visualized by TUNEL fluorescent assay (Roche Diagnostic). Nuclei were visualized with the DNA dye Hoechst (Life-Technologies) and examined under a Leica TCS SP5 confocal microscope. Fluorescence images were adjusted for brightness, contrast, and color balance using Adobe Photoshop CS.
Morphometric analysis
Myofiber CSA was assessed on tibialis anterior and soleus cryosections by using ImageJ software (http://rsb.info .nih.gov/ij/) (NIH). Three laminin/slow-MyHC stained crosssections from three different mice for each genotype were analyzed. Between 100 and 300 fibers were counted. Values shown are the average of CSA of all wild-type and GSNOR-KO tibialis anterior or soleus fibers. In the soleus, the same fibers considered for CSA were also counted for positive slow-MyHC labeling. CSA values of tibialis anterior and soleus were calculated and expressed in lm 2 .
Satellite cell isolation and myotube culture and treatment
Single muscle fibers with associated satellite cells were isolated as described (44) . Briefly, the hind limb muscles were digested with collagenase; single myofibers were cultured in GM1 [DMEM supplemented with 10% horse serum (Lonza), supplemented with 0.5% chick embryo extract (MP biomedicals), penicillin-streptomycin (Lonza)] at 37°C in suspension for 72 h, and then plated on matrigel (Sigma; 1 mg/ml ECM gel)-coated dishes for satellite cell culture. After 3 days, the fibers were removed and the medium was replaced with proliferation medium (GM2: 20% FBS, 10% horse serum, and 1% chick embryo extract in DMEM).
After 5 days of proliferation, satellite cells were allowed to differentiate into myotubes by replacing the growth medium with differentiation medium (DM: 2% HS and 0.5% chick embryo extract in DMEM). Four days after differentation, NAC (Sigma; final concentration 5 mM) was added for 2 and 4 h. JC-1 (Life technologies) was added to prewarmed cell medium at a final concentration of 5 lg/mL in order to evaluate Dw m . After incubation for 10 min at 37°C, cells were washed in PBS and analyzed using an EVOS Floid Cell Imaging Station (Life Technologies).
Myotube fluorescence analyses
Myotubes grown on cover slips were washed twice with cold PBS and fixed in 4% paraformaldehyde in PBS for 10 min at room temperature. Cells were washed twice with cold PBS and incubated for 45 min with anti-Grp75 (Stressgen; 1:1000), or anti-p62/SQSTM1 (MBL; 1:500), or anti-NRF2 (Santa Cruz; 1;100) antibodies diluted in cold blocking buffer (PBS supplemented with 10% FBS). Cells were then washed with cold PBS and incubated for an additional 30 min with appropriate fluorophore-conjugated secondary antibodies (AlexaFluor 488 and 568; Life-Technologies). After incubation, cells were washed with PBS, and nuclei were stained with 10 lM Hoechst for 10 min, before an additional wash in PBS and mounting on observation slides. Images were captured by using a Delta Vision (Applied Precision) Olympus 1 · 70 microscope.
Mitochondrial area was assessed by CellProfiler software on at least 60 mitochondria. Mitochondria were selected manually, and their average area was expressed in a graph as arbitrary units (A.U.). Similarly, p62-positive spots were quantified by CellProfiler software in terms of number/myotube and average area and expressed as arbitrary units (A.U.).
To evaluate mitochondrial integrity, cells were stained with 50 nM of the Dw m -sensitive fluorescent probe Mitotracker Red (Molecular Probes, Life Technologies), washed, and analyzed cytofluorometrically
MEFs isolation and culture
MEFs primary cells were prepared from embryos at E13.5, cultured in DMEM supplemented with 10% FBS, and utilized for experiments from the second to the fourth passage in culture.
Mitochondrial superoxide evaluation and analysis
MEFs were incubated with 5 lM MitoSOX (Life Technologies) for 10 min at 37°C. Cells were then washed, trypsinized, resuspended in ice-cold PBS, and collected.
The fluorescence intensities were monitored by an FACScalibur instrument (Becton Dickinson)
Western blotting
Tissue samples from tibialis anterior were homogenized in a lysis buffer containing 50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1% NP-40, and 12 mM Na-deoxycholate (Sigma) that was supplemented with protease and phosphatase inhibitors cocktail (Merck). Nuclei and mitochondria were obtained as previously described (19) . Lysates were centrifuged at 13,000 rpm for 10 min at 4°C to discard cellular debris. Protein concentration was determined by the Lowry protein assay (Bio-Rad Laboratories). Proteins were separated by SDS-PAGE and transferred to nitrocellulose membranes (GE Healthcare Life Science Europe) that were probed with the following antibodies: anti-nNOS (Santa Cruz), anti-iNOS (Santa Cruz), anti-eNOS (Santa Cruz), anti-Opa1 (BD Biosciences Buccinasco), anti-Drp1 (BD Biosciences), antip62 (MBL), anti-phospho-AMPKa-Thr172 (Cell Signaling), anti-cytochrome c (Santa cruz), anti-Sod1 (Santa Cruz), antiSod2 (Merck), anti-catalase (Sigma), anti-Bnip3 (Sigma), anti-nitrotyrosine (Cayman), anti-LC3 (Sigma), anti-FoxO3 (Santa Cruz), anti-Trx1 (Cell Signaling), anti-lactate dehydrogenase (LDH) (Santa Cruz), anti-PARP1, and anti-actin (Santa Cruz). After immunostaining with appropriate secondary horseradish peroxidase-conjugated goat anti-rabbit or anti-mouse antibodies (Sigma), bands were revealed by a Fluorchem Imaging system (Alpha Innotech), using the Amersham ECL detection system (GE Healthcare Life Science) and quantified by densitometry. Carbonylated proteins were detected using the Oxyblot Kit (Intergen) after a reaction with 2,4 dinitrophenylhydrazine (DNP) for 15 min at 25°C. Samples were then resolved by 10% SDS polyacrylamide gel electrophoresis, and DNP-derivatized proteins were identified by immunoblot using an anti-DNP antibody (19) .
Selection of loading control. LDH was selected as a loading control, as GADPH protein levels changed significantly between WT and KO muscles, even though total protein amounts were comparable. Actin and tubulin levels also differed markedly in spite of the equal protein content loaded, as their levels and stability are known to be modulated by S-nitrosylation. Quantitative real-time PCR analyses of Ldh mRNA, along with the mRNA of the housekeeping gene (internal control) Hprt (hypoxanthine-guanine phosphoribosyltransferase) normalized to 18S rRNA, confirmed that there was no modulation of LDH expression in GSNOR-KO conditions (data not shown).
PSNOs S-nitrosylation assays were performed as previously described (20) . For the biotin-switch assay, muscles were homogenized in HEN buffer (25 mM HEPES, 50 mM NaCl, 0.1 mM EDTA1% NP-40, protease inhibitors, pH 7.4). Free cysteine residues were blocked with S-methyl methanethiosulfonate (MMTS; Sigma). More specifically, 0.5-2 mg of protein samples were diluted to 1.8 ml with HEN buffer (100 mM HEPES, 1 mM EDTA, 0.1 mM neocuproine, pH 8.0). Next, 0.2 ml of 25% SDS was added along with 20 ll of 10% MMTS (to reach a final volume of 2 ml and final concentrations of 2.5% SDS and 0.1% MMTS), and incubated at 50°C in the dark for 15-20 min with frequent vortexing. Three volumes of cold acetone were added to each sample. Proteins were precipitated for 20 min at -20°C, and collected by centrifugation at 2000 g for 5 min. Supernatant was discarded, and protein pellets were gently washed with 70% acetone at 4°C. Proteins were resuspended in 0.24 ml HENS buffer (HEN buffer with 1% SDS) and transferred to a fresh 1.7 ml microfuge tube containing 30 ll biotin-HPDP (2.5 mg/ml) with or without sodium ascorbate (20 mM). After incubation with the horseradish peroxidase-conjugated streptavidn (Merck), biotinylated proteins were revealed using the Amersham ECL detection system (GE Healthcare Life Science). Ascorbatefree samples have been omitted for straightforward visualization and interpretation of data. Reliability of the technique has been further tested by incubating tibialis anterior lysates with or without 2 mM of the NO donor DETA NONOate for 30 min at room temperature in order to artificially induce S-nitrosylation of muscle proteins (Supplementary Fig. S4 ).
Immunoprecipitation assays
Immunoprecipitations were performed by adding 1 lg of anti-Keap1 antibody (Santa Cruz) to 50 ll of prewashed Dynabeads Ò -protein G (Invitrogen) to whole tissue extracts from skeletal muscle.
For each reaction, 500 lg of total protein were incubated with Dynabeads-Ab complex. After 1 h at room temperature, beads were recovered and washed six times with RIPA buffer. Immunoprecipitated proteins were detached from beads by boiling in sample buffer, separated by SDS-PAGE, transferred to nitrocellulose membranes (Amersham Pharmacia), and then incubated with anti-p62 antibody (MBL).
Real-time PCR
Tissue samples were homogenized in TRI Reagent (Sigma), and RNA was extracted in accordance with the manufacturer's protocol. Total RNA was solubilized in RNase-free water, and first-strand cDNA was generated starting from 1 lg of total RNA using the GoScript Reverse Transcription System (Promega Italia). In order to hybridize to unique regions of the appropriate gene sequence, specific sets of primer pairs were designed and tested with primer-BLAST (NCBI, see list in Table 1 ). Real-time PCR was performed using the iTAQ universal SYBR Green Supermix (Bio-Rad Laboratories) on a StepOne real-time PCR System (Life-Technologies). All reactions were run in triplicate. Resulting data were analyzed by the StepOneÔ Software (v2.3) using the second-derivative maximum method. The fold changes in mRNA levels were determined relative to a control after normalizing to the internal standard HPRT.
Statistical analyses
Values are expressed as means -SEM (except for those relative to densitometric analyses that are expressed as mean -SD). The statistical significance of the differences between means was assessed by an independent Student's t-test in order to determine which groups differed significantly from the others. A probability of 0.05% ( p = 0.05) was considered significant. HPRT  5¢-GCAGTACAGCCCCAAAATGG-3¢  5¢-GGTCCTTTTCACCAGCAAGCT-3¢  Atrogin1  5¢-GCGACCTTCCCCAACGCCTG-3¢  5¢-GGCGACCGGGACAAGAGTGG-3¢  MuRF1  5¢-AGGGGCTACCTTCCTCTCAAGTGC-3¢  5¢-TCTTCCCCAGCTGGCAGCCC-3¢  GSNOR  5¢-TCACTTCATGGGGACTAGCA-3¢  5¢-CCGAGGGATCGATTTTAGCA-3¢  LC3B  5¢-CGTCGCCGGAGTCAGATCGTC-3¢  5¢-CCACTCTTTGTTCAAAGCTCCGGC-3¢  p62  5¢-TGTGGAACATGGAGGGAAGAG-3¢  5¢-TGTGCCTGTGCTGGAACTTTC-3¢  Bnip3  5¢-GAAGCGCACAGCTACTCTCA-3¢  5¢-TCCAATGTAGATCCCCAAGCC-3¢  Nqo1  5¢-CGCCTGAGCCCAGATATTGT-3¢  5¢-GCACTCTCTCAAACCAGCCT-3¢  Trx1 5¢-ATGTGGATGACTGCCAGGATG-3¢ 5¢-CCTTGTTAGCACCGGAGAAC-3¢
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